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Myosin light chain ~hu~~hu~y~ati~~ during contraction 
of turtle heart 
ST. Sayers and K. Bdirsiny 
The ~hospho~lation of rnyasj~ P-light chain was determined during the contraction cycle of turtle heart 
beating 5-8 times/min at 5°C. The hearts were freeze-clamped either in systole or diastole, then 
homogenized and washed in strong acids in order to completely inhibit myosin light chain kinase and 
phosphatase and isolate the total P-light chain of the heart. The phospho and dephospho f rms of P-light 
chain were separated by two-dimensional gel electrophoresis and were quantitated by densitometry. 
Alternatively, the hearts were perfused with “P and the incorporation of [32Pjphosphate into the P-light 
chain was determined. Both methods demonstrated that in hearts frozen in systole more P-light chain was 
phosphorylated than in hearts frozen in diastole. 
Phosphorylation of the myosin P-light chain [l] 
occurs during electrical stimulation of skeletal 
muscle from frog [2], rabbit [3], mouse [4], and rat 
[5], Similarly, phosphorylation of the P-light chain 
was shown in drug-or KCl-induced contractions of 
smooth muscle from porcine carotid arteries f&7], 
rat uterus @] and bovine trachea f9]+ In contrast, 
attempts to demonstrate light chain p~ospho~la- 
tion correlated with ~ontra~~~~ity of ~~~~a~~a~ 
heart gave variable results, Three different 
laboratories showed that 10-40 s expasure of rab- 
bit or rat hearts to epinephrine or isoproterenol did 
not increase the phosphate content of the P-light 
chain under conditions when positive inotropy was 
observed [lo-121, although in one case a 30 s 
isoproterenol treatment produced a significant in- 
Crete in light chain phosphorylation [X3], Further- 
more, when the hearts were perfused with 
is~~r~t~re~ol or adrenaline for several minutes 
light chain phosphorylat~on was demonstrated 
~14,lS]* 
ylation by manual freezing of mammalian hearts 
flO-12] because the hearts beat so quickly that 
freezing the hearts in a well-defined contractile 
state, systole or diastole, is almost impossible. We 
chose turtle hearts, because at cold room temper- 
ature (5°C) the turtle hearts beat only S-g times/ 
min and can be manually freeze-clamped either in 
systole or diastole. We separated the phosphor- 
ylated and ~~~~osphorylated forms of the P-light 
chain of turtle heart by two-dirn~~s~o~al gel 
electrophoresfs 1161 and found more phosphor- 
ylated light chain in heart frozen in systoie than in 
diastole. Similar results were obtained when the 
hearts were perfused with 32P and the incorpora- 
tion of [3”P]pllosphate into the P-light chain was 
calculated. Some of our findings have been 
presented [17], 
2. METHQDS 
It is difficult to measure light chin phosphor- 
P~Erlisire~ by Elsevier Science Publishers 
00145793/83/000@000000/$3.00 0 Federatioa of European Biochemical Societies 305 
Volume 154, number 2 FEBS LETTERS April 1983 
nulated, all the other vessels were cut, then the 
heart was removed from the turtle and placed in 
oxygenated Ringer’s solution (145 mM NaCl, 
5.6 mM KCl, 2.25 mM CaClz, 5.6 mM glucose 
and 2.4 mM Tris-HCl (pH 7.2) at 25°C). The 
blood was flushed out from the heart. The weight 
of the heart was under 0.5 g. The cannulated heart 
was attached to a column, mounted on a stand. 
The heart rate was 40-50 beats/min at room 
temperature. The stand with the cannulated heart 
was brought to a coldroom of 5°C. At 5°C the 
heart rate decreased to 5-8 beats/min and the heart 
was manually freeze-clamped with liquid nitrogen- 
cooled clamps either in the systolic or diastolic 
state. The freeze-clamped heart was then pulveriz- 
ed in a stainless steel mortar on the surface of 
frozen perchloric acid under liquid nitrogen [2] 
and the frozen powder was homogenized in an ice- 
jacketed Waring blender containing 3% perchloric 
acid. The residue was isolated by centrifugation at 
40 000 x g, washed with a solution containing 2% 
trichloroacetic acid and 5 mM KHzP04 several 
times and dissolved with the aid of a Brinkman 
Polytron in 0.2 M NazHP04 and 6% sodium 
dodecyl sulfate (SDS). The dissolved proteins were 
dialyzed against 1000 vol. 0.1% SDS overnight. 
For radioactive experiments, a method of 
retrograde perfusion of turtle hearts was developed 
using a modified Langendorff perfusion system 
[18]. The hearts were first perfused with Ringer’s 
solution containing l-2 mCi carrier-free 32Pi for 
30 min and subsequently with non-radioactive 
Ringer’s solution for an additional 30 min. The 
radioactivity of the fluid leaving the heart was 
monitored to assure that all the 32Pi was removed 
from the extracellular space. Subsequently, the 
heart with the cannula was attached to the column 
and transferred to the coldroom of 5°C. The 
radioactive heart was freeze-clamped in systole or 
diastole as described before for the non- 
radioactive heart. 
2.2. Two-dimensional gel electrophoresis 
After the 0.1% SDS dialysis the heart prepara- 
tions were clarified at 80 000 x g for 30 min and 
the supernatant protein was determined [ 191. Ali- 
quots of the supernatants were freeze-dried. The 
freeze-dried samples were dissolved in a solution 
containing 9.5 M urea, 2% Nonidet-P40, 0.2 M 
dithiothreitol, 2% Bio-Lyte, pH 4-6 or pH 3-10. 
Aliquots of 200 and 25Opg protein were isoelec- 
trofocused in the first dimension and elec- 
trophoresed on 15% polyacrylamide slab gels in 
0.1% SDS and 0.37 M Tris-HCl (pH 8.8) in the 
second dimension. Running buffer for the slab gels 
contained 0.1% SDS, 0.025 M Tris-HCl and 
0.19 M glycine (pH 8.45). The gels were stained in 
0.2% Coomassie blue, 50% methanol and 5% 
acetic acid and destained in 40% methanol and 5% 
acetic acid. The intensity of staining of the 
phosphorylated and unphosphorylated light chains 
was measured with a laser scanning densitometer 
equipped with an automatic integrator. In each 
light chain spot, the percentage of total intensity 
was determined from the number of integration 
units under the appropriate peak. It was assumed 
that the staining intensities are proportional to the 
percentage amount of P-light chain in the two dif- 
ferent forms. 
3. RESULTS AND DISCUSSION 
Two-dimensional gel electrophoretic analysis of 
various hearts showed a large variation in the 
distribution of phosphorylated and unphosphor- 
ylated P-light chain [20]. Only lo-25% phosphor- 
ylated light chains was found in dog, cat, and 
chicken hearts, whereas 70% of the total P-light 
chain was phosphorylated in turtle heart. The ex- 
tent of light chain phosphorylation in heart was 
correlated with the ratio of light chain kinase to 
phosphatase activity [20]. 
Fig. 1 compares the two-dimensional gel elec- 
trophoretic pictures of turtle hearts frozen in 
systole and in diastole. The staining patterns (up- 
per panel) illustrate that the P-light chain, at the 
M, 19 000 level, is well separated from the other 
muscle proteins in a trichloroacetic acid-insoluble 
residue preparation. The P-light chain consists of 
two forms, phosphorylated (more acidic) and un- 
phosphorylated (more alkaline); they are well 
separated from each other. The phosphorylated 
light chain was previously identified by 
autoradiography [17]. It may be seen that in the 
heart frozen in systole (left) less light chain remains 
in the unphosphorylated form than in the heart 
frozen in diastole (right). The lower panel shows 
the scans of the P-light chain. From the integration 
of the areas of the P-light chain spots, 80% of the 
total P-light chain was found to be phosphorylated 
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Fig. 1. Two-dimensional gel electrophoretic comparison of the distribution of phosphorylated (P-LC) and 
unphosphorylated (UP-LC) myosin light chains in trichloroacetic acid-insoluble residues of turtle hearts frozen in 
systole (left) and in diastole (right). Upper panels show the gel staining profiles and lower panels show the densitometric 
tracings of the P-light chains (LC). TM refers to tropomyosin. 
in the heart frozen in systole (left) and 67% of the 
P-light chain was phosphorylated in the heart 
frozen in diastole (right). 
Homogenization of frozen hearts in perchloric 
acid and washing the insoluble residues in 
trichloroacetic acid completely inhibit myosin light 
chain kinase and phosphoprotein phosphatase ac- 
tivities. Furthermore, homogenization and 
washing in these acids precipitate all muscle pro- 
teins, leading to isolation of the total P-light chain 
of the heart. 
Table I summarizes the results of several ex- 
periments in which the percentage phosphorylated 
light chain of the total P-light chain is compared 
from hearts frozen in systoIe and in diastole as 
determined by densitometry. Each sample was 
analysed on two-dimensional gels in duplicate and 
the average values were taken. The data of table 1 
show an 11% increase in phosphorylation of the P- 
light chain from hearts frozen in systole as com- 
pared to hearts frozen in diastole. Statistical 
analysis, by Student’s t-test of the means revealed 
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Table 1 this difference was significant to P~O.001. 
Phosphorylated myosin light chain content of turtle 
hearts frozen in systole and in diastole 
Frozen Phosphorylated (n) mol [32Plphos- @) 
in light chain phate/mol 
of the total P-light chain 
P-ligth chair? 
Systole 75.1 k 7.6% 28 0.75-0.85 3 
Diastole 67.4 + 7.3% 23 0.60-0.70 3 
aPercentage phosphorylation is given as mean i stan- 
In fig. 2, we compare staining patterns and 
autoradiograms of total proteins, separated by 
two-dimensional gel electrophoresis over pH 3-10, 
from hearts frozen in systole (left) and diastole 
(right). A large number of protein spots may be 
discerned in the upper panel, as compared with the 
very few radioactive spots in the lower panel. (The 
broad zones in the autoradiograms at the acidic 
end of the gels are due to labeling of the 
phospholipids.) The highest amount of radioactivi- 
ty is confined to the light chain, other radioactive 
dard deviation spots are from phosphorylated membrane pro- 
3 PM 10 3 PH 10 
:r - 
Fig. 2. Two-dimensional gel analysis of trichloroacetic acid-insoluble turtle heart proteins prepared from two 
comparable hearts, perfused with the same “P-containing solution. One heart was freeze-clamped in systole (left) and 
the other in diastole (right). Upper panels show gel staining profiles and lower panels show autoradiographic profiles. 
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teins. Above the Mr 19 000 light chain a radioac- 
tive satellite doublet appears. Its app. M, 20 000 
suggested that it may correspond to phosphor- 
ylated smooth muscle myosin light chain; i.e., 
turtle heart may be composed of both striated and 
smooth muscle fibers. However, electron micro- 
scopy showed no smooth muscle to be present in 
turtle heart. Visual inspection of the autoradio- 
grams shows more radioactivity in the light chain 
and satellite spot from heart frozen in systole that 
that frozen in diastole. 
In 3 radioactive experiments, the P-light chain 
spots were dissected from the two-dimensional 
gels, dissolved by digestion in 30% Hz02 at 110°C 
and the radioactivity was determined by liquid 
scintillation counting. The values were normalized 
using the specific activity of 32P-labeled phospho- 
creatine isolated from the same heart [14]. In these 
experiments, the incorporation of 32Pi into P-light 
chain was 0.75-0.85 mol [32P]phosphate/mol 
P-light chain in the hearts frozen in systole and 
0.60-0.70 mol [32P]phosphate/mol P-light chain 
in the hearts frozen in diastole (table 1). The 
percentage phosphorylated light chain of the total 
P-light chain and the mol [32P]phosphate/mol 
P-light chain values of table 1 corroborate each 
other. 
These results suggest a role for myosin light 
chain phosphorylation in turtle heart. The un- 
usually high level of phosphorylation in diastole, 
that we call the basal level of light chain phosphor- 
ylation, may be responsible for the slow contrac- 
tility of turtle heart. In [3], light chain 
phosphorylation was shown to reduce the acto- 
myosin ATPase activity in vivo; heart muscles 
which contract slowly possess a low myosin ATP- 
ase [21,22]. The increases in light chain phosphor- 
ylation during the systolic state of turtle heart may 
parallel the increases in phosphorylation found 
during the contraction of skeletal and smooth 
muscles, Although the increase in systolic phos- 
phorylation amounts to only 11% relative to that 
in diastole (table l), X-ray diffraction studies of 
beating canine heart show that only l&19% of the 
myosin heads are transferred from the vicinity of 
the thick filaments to that of the thin filaments 
when the heart enters systole from diastole 1231. 
Thus, the observed small difference in light chain 
phosphorylation is compatible wirh the idea that 
phosphorylation is involved in the contractile 
activity of turtle heart. 
ACKNOWLEDGEMENTS 
The authors are indebted to Dr Robert E. Kelly 
at this University for performing the electron 
microscopic studies of turtle heart. This work was 
supported by grants from the Chicago Heart 
Association and NS-12172 from the National In- 
stitutes of Health. 
REFERENCES 
VI 
PI 
[31 
[41 
PI 
161 
l71 
@I 
[91 
1101 
1111 
1121 
1131 
1141 
[151 
[I61 
1171 
Frearson, N. and Perry, S.V. (1975) Biochem. J. 
151, 99-107. 
B&&y, K, and Barany, M. (1977) J. Biol. Chem. 
252, 47524154. 
Stull, J.T. and High, C.W. (1977) Biochem. Bio- 
phys. Res. Commun. 77, 1978-1983. 
Crow, M.T. and Kushmerick, M.J. (1982) J. Biol. 
Chem. 257, 2121-2124. 
Klug, G.A., Botterman, B.R. and Stull, J.T. (1982) 
J. Biol. Chem. 257, 4688-4690. 
Barron, J.T., Bar&y, M. and Bat&y, K. (1979) J. 
Biol. Chem. 254, 4954-4956. 
Dillon, P.F., Aksoy, M.O., Driska, S.P. and 
Murphy, R.A. (1981) Science 211, 495-497. 
Janis, R.A., Barany, K., Barany, M. and 
Sarmiento, G.J. (1981) Mol. Physiol. 1, 3-11. 
DeLanerolle, P. and Stull, J.T. (1980) J. Biol. 
Chem. 255, 9993-10000. 
Holroyde, M.J., Small, D.A.P., Howe, E. and 
Solaro, R.J. (1979) Biochim. Biophys. Acta 587, 
628-637. 
High, C.W. and Stull, J.T. (1980) Am. J. Physiol. 
239, H756-H764. 
Jeacocke, S.A. and England, P.J. (1980) Biochem. 
J. 188, 763-768. 
S&are, F.D., Lichtenberg, L. Sugg, R.G., 
McFarland, S.A. and Villar-Palasi, C. (1981) J. 
Cyclic Nucl. Res. 7, 85-93. 
Kopp, S.J. and Barany, M. (1979) J. Biol. Chem. 
254, 12007-12012. 
Westwood, S.A. and Perry, S.V. (1981) Biochem. 
J. 197, 185-193. 
Barany, K. and Barany, M. (1982) Biochim. Bio- 
phys. Acta 706, 136-140. 
Barany, M., Barany, K., Barron, J.T., Kopp, S.J., 
Janis, R.A., Doyle, D.D., Hager, S.R., 
Schlesinger, D.H., Homa, F. and Sayers, ST. 
(1981) in: Protein Phosphorylation (Rosen, O.M. 
and Krebs, E.G. eds) pp. 869-886, 8th Cold Spring 
Harbor Conference on Cell Proliferation, New 
York. 
309 
Volume 154, number 2 FEBS LETTERS April 1983 
[ 181 Kopp, S. J., Baker, J.C., D’Agrosa, L.S. and 
Hawley, P.L. (1978) Toxicol. Appl. Pharmacol. 
46, 475-487. 
[19] Barany, M. and Barany, K. (1959) Biochim. Bio- 
phys. Acta 35, 293-309. 
[20] Barany, K., Sayers, S.T., DiSalvo, J. and Barany, 
M. (1983) Electrophoris, in press. 
]211 Deleayre, C. and Swynghedauw, B. (1975) 
Pfliigers, Arch. 355, 39-47. 
[22] Syrovy, I. (1975) Pfliigers, Arch. 356, 87-92. 
[23] Matsubara, I., Suga, H. and Yagi, N. (1977) J. 
Physiol. 270, 3 1 l-320. 
310 
